Fungal growth in time and space at the substrate surface was modelled for a simple system mimicking solid-state fermentation, using a polycarbonate Nucleopore membrane laid over a glucose solution. Biomass production depends on both tip density and the diffusion of glucose within the fungal hyphae. The model predicts early increases in both height and concentration, followed by a period in which the biomass profile moves with a constant wavefront. The rate of increase in height increases as tip diffusivity increases or as the Monod saturation constant for glucose decreases.
Introduction
Little is known of the mechanisms controlling the density and structure of fungal biomass above the substrate surface during growth in solid-state fermentation (SSF) systems. Modelling can be used to explore these mechanisms, and might provide suggestions as to the microscopic scale phenomena that limit growth in SSF, such as maximum packing density (Laukevics et al., 1985) or nutrient limitations.
Fungal growth in SSF differs from colony growth on a substrate surface. In colony growth, growth starts from a single inoculation point and spreads along the substrate surface away from this point. Most colony growth models only consider growth in the horizontal direction. Growth in the vertical direction needs to be considered in the overculture system which occurs in SSF, since the inoculum is spread all over the substrate surface and the fungus grows into a thick layer. In real SSF systems with 3-dimensional arrangements of substrate particles, the fungal mycelium can fill up the interparticle space by the end of the fermentation (Auria and Revah, 1994) . Models are required which describe how fungi grow above the surfaces of solid substrates.
The models of Georgiou and Shuler (1986) and Mitchell et al. (1991) address over culture growth of fungi on substrates containing glucose and starch, respectively. However, although Georgiou and Shuler (1986) modelled differentiation of biomass, neither of these models describe the biomass structure above the solid substrate surface. Rajagopalan and Modak (1995) modelled growth of fungi on the surface of a starchy substrate with glucose and oxygen as limiting nutrients. In their model the fungal biomass has a simple structure consisting of a biomass layer of constant density which increases in height. However, since this model allows nutrients to diffuse in both the intercellular and intracellular spaces within the biomass layer, with a diffusivity equal to that in water, the model actually represents the growth of a bacterial film rather than that of a fungal mycelium.
The model proposed in this paper explores possible mechanisms controlling the hyphal concentration as a function of height above surfaces, using equations describing tip generation and movement as the underlying phenomena. However, the model does not aim to describe the growth and branching of individual hyphae, rather it describes the collective behaviour of the hyphae which constitute the mycelium.
Model development
The system is shown in Fig. 1 : Fungal biomass is spread homogeneously over the surface of a membrane, the underside of which is in contact with a continuously replenished glucose solution. Membrane culture was used by Mitchell et al. (1991) as a model SSF system. Their polycarbonate Nucleopore membrane had a 0.2 m poresize, which prevented growth of penetrative hyphae into the glucose solution. Glucose diffuses across the membrance and is absorbed into the fungal biomass where it contacts the membrane. Glucose is used for both growth and maintenance. Increase in biomass density at a point relies on the generation and lateral extension of hyphal tips. The biomass can increase its height by vertical tip movement.
This system does not represent the actual case in SSF because it ignores the enzyme diffusion and reaction within the substrate which occurs during growth on a polymeric substrate (Mitchell et al., 1991) . Rather, the system focuses on the development of the fungal biomass above the surface, an aspect which has not previously received attention. Once this is done it is relatively simple to combine models for phenomena occurring in the substrate and biomass phases.
The model system has the following characteristics. Growth is uniform across the surface therefore the system can be represented by growth along a single vertical line. Hyphae cannot penetrate into the glucose solution. Glucose is the only limiting nutrient and the yield of biomass from glucose is constant. A Thiele modulus (Sherwood et al., 1975) for O 2 of 0.01 was calculated for a biomass density of 300 ml/l (Auria and Revah, 1994), with this biomass taking up O 2 at its maximum respiration rate. Therefore O 2 diffusion will not limit growth. Biomass growth follows logistic behaviour, limited by a maximum biomass concentration (B m ), which might for example correspond to a maximum packing density based on steric considerations (Laukevics et al., 1985) . There is no biomass differentiation.
The tip extension rate depends on the glucose concentration (in mg/ml) at a distance (␦) behind the tip. This mimics the apical extension zone where vesicles containing enzymes and cell wall precursors are manufactured before moving to the tip and extending it (Trinci and Collinge, 1975) . The rate of vesicle production depends on the nutrients available behind the tip itself (Jennings and Lysek, 1996) . The rate of production of new tips by branching also depends on the glucose concentration at the beginning of the apical compartment, since branching also depends on the production of vesicles (Trinci, 1974) . Since the surfaces of cell walls of aerial hyphae are coated with hydrophobic proteins to decrease desiccation and increase strength (Wessel, 1992) , it is assumed that there is no water film on the surface of aerial hyphae, and therefore glucose can move only inside the fungal hyphae, and it does so by diffusion (Olsson and Jennings, 1991) . Tip movement is assumed to have diffusion-like behaviour as a result of random branching behaviour.
With these assumptions, equations for tip growth, biomass production and glucose translocation and consumption can be written.
Tip growth
The change in the number of tips at a particular location occurs due to the generation of tips at that particular location, plus the diffusion of tips from other locations, giving equation (1):
Where t is time (h), x is height above the surface (cm), n is the tip concentration (per ml), B is biomass concentration (mg dry weight/ml),. and G is the glucose concentration per total volume (mg/ml). The parameters are explained in Table 1 . Tips are produced with specific tip production rate (␣ t ) and diffuse with tip diffusivity (D b ). Both of these phenomena depend on the glucose concentration at the beginning of the apical compartment (i.e. G| xϪ␦ ) and are also logistic functions of the biomass at that point. Whenever biomass concentration (B) at a point reaches the maximum biomass concentration (B m ), tips cannot diffuse into that location and new tips cannot be generated at that location.
Biomass production
Biomass production at a point depends on the number of tips (n) at that point. Since the biomass cannot move, biomass at a particular point is increased by the extension of tips at that point, giving equation (2):
This expression means that the tip extension rate is also a logistic function of biomass at that point, so that the extension rate slows as the biomass concentration increases.
Glucose translocation and consumption
Glucose accumulation depends on the glucose diffusion within hyphae and the consumption due to growth and maintenance, giving equation ( 
